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son's ratio display the conventional cross-sectional 
configuration known as "anticlastic curvature. 0 

There are known techniques for modifying the 
compress/deflection characteristics of certain types 
5 of open-cell foam materials. One of these techniques 
is described in U.S. Patent No. 3,025,200 issued on 
March 13, 1962 for an invention by William R. Powers 
entitled, "Celliform Structure and Method of Making 
Same". This patent teaches that if a foam material is 
10 permanently compressed, its properties can be 
changed so that the material responds with linear 
strain when linear stress is applied. Conventional 
untreated materials produce non-linear response. 
However, the teaching of the foregoing patent is the 
is application of compression in one direction only, and 
the resulting material has a positive Poisson's ratio. 

If an open-cell foam material could be produced 
with the property of a negative Poisson's ratio, there 
would be numerous possible applications such asfas- 
20 teners, gaskets and other seals, as well as appli- 
cations for shock absorbing and cushioning materials. 
There is therefore the object of the invention to pro- 
vide an improved material of the open-cell foam type 
having a negative Poisson's ratio and a simple and 
25 inexpensive method of making such material. 

The present invention provides the method of 
making a composition of matter having a negative 
Poisson's ratio comprising the steps of producing a 
starting material having an open-cell foam structure 
30 with each cell being defined by a plurality of ribs ; 
applying sufficient force to the starting material in 
each of three orthogonal directions simultaneously to 
compress the ribs of the cells inwardly ; raising the 
temperature of the material above the softening tem- 
35 perature of the material while maintaining the material 
in the compressed state ; cooling the material below 
the softening temperature while continuing to main- 
tain the material in the compressed state ; and releas- 
ing the applied force once the material has cooled 
40 below the softening temperature. 

The present invention also provides an isotropic 
open-cell material having a negative Poisson's ratio, 
said material comprising a plurality of interconnected 
spaced-apart ribs defining a plurality of ceils, the ribs 
45 in the cells protruding inwardly. 

In the drawings : 



Description 

This invention relates to a polyhedron cell struc- 
ture and method of making same. 

Low density foamed polyhedron cell structures 
are wll known. The conventional open-cell foam struc- 
ture consists of a plurality of inter-connected, three 
dimensional cells which are generally convex. In a 
conventional open-cell structure, all or a portion of the 
cell faces may be absent, but the cells are intercom- 
municating and the cellular structure is retained. 
Depending upon the molecular structure of the ma- 
terial, a foamed cellular material may range from quite 
rigid to a material that is soft and flexible. The flexible 
foamed cellular structures are resilient and recover 
their original shape after deformation. 

The invention is concerned with the modification 
of an open-cell foam structure so as to produce a ma- 
terial with a negative Poisson's ratio. Poisson's ratio 
is defined in terms of the strains which occur when 
materia] is stretched and is equal to minus the trans- 
verse strain divided by the axial strain in the direction 
of stretch. With one possible exception, all known 
materials contract laterally when stretched and 
expand laterally when compressed, and therefore 
Poisson's ratio for such material is positive. For 
example, positive Poisson's ratios for various mate- 
rials are 0.3 for steel, 0.5 for rubber, 0.1 to 0.4 for typi- 
cal polymer foams and almost 0 for cork. Because 
cork has a positive Poisson's ratio just slightly above 
0, an id^practical application for cork is in sealing 
a wine bottle. In this application, the cork can be easily 
inserted and removed, yet it with-stands the pressure 
from within the bottle. Rubber, with a Poisson's ratio 
of positive 0.5, could not be used for this purpose 
because it would expand when compressed for inser- 
tion into the neck of the bottle and therefore would 
jam. 

Although negative Poisson's ratios are theoreti- 
cally possible, they have generally not been observed 
in any known materials. In a Treatise entitled " Foun- 
dations of Solid Mechanics " (Prentice Hall 1968) Y.C. 
Fung indicates that in an isotropic material the allow- 
able range of Poisson's ratio is from negative 1.0 to 
positive 0.5 based on energetic considerations in the 
theory of elasticity. However, Fung states that mate- 
rials with negative values of Poisson's ratio are 
unknown. On the other hand, A.E. H. Love in " A Treat- 
ise on the Mathematical Theory of Elasticity " (Dover 
4th Ed. 1944) presents a single example of single so 
crystal pyrite as having a negative Poisson's ratio of 
0.14. However, such a crystal is cubic rather than iso- 
tropic 

AH known engineering materials including open- 
cell foam cellular structures have a positive Poisson's 55 

ratio and thu* contract laterally when stretched and 
expand laterally when compressed. Also, bent beams 
of conventional materials which have a positive Pois- 



Fig. 1 is an illustration of the cell structure in a 
conventional open-cell foam material ; 
Fig. 2 is an illustration of the cell structure after 
transformation according to the principles of the 
invention ; and 

Fig. 3 is a schematic view of an ideal cell structure 
after transformation according to the principles of 

the invention ; and 

Figs. 4a and 4b compare the curvature oi a beni 
beam before and after transformation. 
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The structure of a conventional open-cell foam 
material is shown in Fig. 1 in which each cell is defined 
by a plurality of ribs that define a polyhedron structure 
with the cells being interconnected, thus forming a 
three dimensional network of ribs or strands. The 
spaces between the ribs are open, and thus the indi- 
vidual cells are open. This is in contrast to a cell struc- 
ture 1 in which the ribs would define walls of a cell, 
which walls would enclose the cell to form a closed- 
cell structure. 

Preferably, the starting material is an open-cell 
foam structure as indicated which has a low density. 
Such a material would have, relatively speaking, a 
larger space between the ribs of each cell than would 
a high density material. Also, regardless of the num- 
ber of ribs forming the polyhedron cell structure, the 
cells should be convex in configuration, and the ma- 
terial should have sufficient resilience to recover its 
original shape after deformation. I have found, for 
example, that a polyester foam material marketed by 
Scott Paper Company as "Scott Industrial Foam" is a 
suitable low-density material that has a convex 
polyhedron open-cell structure of the general type 
illustrated in Fig. 1. 

Force is then applied to the selected material in 
each of three orthogonal directions or triaxially to 
compress the material. This triaxial compression 
causes the ribs of the cells to buckle inwardly into a 
"re-entrant" structure. The compressed material is 
then placed in a mold or is otherwise held in the com- 
pressed state and heat is applied to the material by 
heating the mold or in any other suitable manner until 
the temperature of the material slightly exceeds the 
softening temperature of the foam material. I have 
found that a temperature in the range of 163° to 171° 
centigrade was effective. The mold containing the 
compressed material is then allowed to cool to room 
temperature, and the material removed from the mold. 
The triaxial compression and heating to the correct 
temperature produces permanent transformation of 
the cell structure in which the ribs protrude into the cell 
as illustrated in Fig. 2. This transformed structure of 
an open-cell foam I have termed a "re-entrant" struc- 
ture, and in Fig. 3 there is illustrated an ideal re-en- 
trant foam structure for a single cell that has been 
triaxially compressed. Note in Fig. 3 that the ribs or 
struts in each face of the cell protrude into the cell. 
Although it is not strictly necessary for the permanent 
deformation from the triaxial compression to be the 
same in each of the three directions, the overall defor- 
mation should be of the correct order of magnitude 
since too little permanent deformation results in fail- 
ure to create re-entrant structure. On the other hand, 
if the deformation is excessive, portions of the struc- 
ture may become intertwined and not produce the 
desired result of a negative Poisson's ratio. 

Also, the temperature selected to brine about the 
permanent deformation will depend, of course, upon 



the material being treated. The temperature must be 
slightly above the temperature at which the material 
becomes soft, but if too low a temperature is used, the 
material will not be permanently deformed. On the 

5 other hand, if too high a temperature is usee), the ma- 
terial may actually turn into a liquid or semi-liquid state 
and flow together and not produce the desired result. 

In an actual test using a polyester foam marketed 
by Scott Paper Company and identified as "Scott 

10 Industrial Foam, the material was compressed triaxi- 
ally to 60-80% of its original dimension in each of the 
three directions. As previously described, the material 
was then placed in a mold and heated to a tempera- 
ture in the range of 163° to 171° centigrade, held at 

15 that temperature for minutes and then allowed to cool 
to room temperature. After the cooled material was 
removed from the mold, the mechanical properties of 
the transformed material were measured. The Scott 
Industrial Foam prior to transformation had a density 

20 of 0.03 gm/cm 3 . After being transformed, the density 
was measured to be 0.12 gm/cm 3 . Before the trans- 
formation, the foam material had a Young's modulus 
in tension of 71 kPa (10 PSI) whereas after transfor- 
mation, Young's modulus was measured to be 72 kPa 

25 (10 PSI). The significant change however was in Pois- 
son's ratio. Prior to the transformation, the foam ma- 
terial had a positive Poisson's ratio of 0.4, whereas 
after transformation, the material had a negative Pois- 
son's ratio of 0.7. The cutability of the material also 

30 changed in that the material was easily cut with a 
sharp blade prior to transformation, whereas after 
transformation it was much more difficult to cut the 
material. 

As a further illustration of the effects of the 

35 change from a positive to a negative Poisson's ratio, 
a piece of foam material both before and after trans- 
formation was cut into the shape of an elongated rec- 
tangular beam. The material was then bent 
transversely to its longitudinal axis in the direction of 

40 the short side of the rectangular cross-section. When 
the material before and after transformation was com- 
pared in a bent condition, the cross-section of the ma- 
terial after transformation displayed a curvature 
opposite to the principal curvature in the direction of 

45 bending. This is known as "anticlastic curvature" and 
is predictable by the theory of elasticity when Pois- 
son's ratio is positive, which is the case for ordinary 
materials. In Fig. 4a there is illustrated the antic astic 
curvature of ordinary material having a positive Pois- 

50 son's ratio. By contrast, Fig. 4b shows the material 
with a negative Poisson's ratio, and it is clear that the 
curvature is in the direction opposite to material with 
a positive Poisson's ratio, this can be referred to as 
"synclastic curvature", and this phenomenon has not 

55 to my knowledge been reported anywhere, although 
according to the theory of elasticity, synclastic curva- 
ture would bfc consistent with £ negative Poisson's 
ratio. 
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Although I have described only a preferred embo- 
diment of the invention, the method and the resulting 
properties of open-foam material is not restricted to 
polymeric foams. For example, an open-cell metallic 
foam might be used as a starting material for the trans- 
formation process. The temperature required for the 
transformation of a metallic foam could be expected 
to be a significant fraction of the melting temperature 
for the metal. Also, metal foams are obviously much 
more rigid than polymeric foams of comparable struc- 
ture, since homogenous metals have a much higher 
modulus of elasticity than polymers. 

A re-entrant structure for an open-ceil metallic 
foam may also be produced by irreversibly (plasti- 
cally) deforming the foam at room temperature, defor- 
mation being accomplished by sequentially and 
incrementally applying force in each of three perpen- 
dicular directions. 

Also, creating an open-cell foam material with a 
negative Poisson's ratio has been described as using 
an existing open-cell material and transforming it by 
the described method steps. However, a material hav- 
ing the same property of a negative Poisson's ratio 
could be produced during the initial forming process 
by restraining the material as it is formed thereby 
causing the ribs or struts forming the cells to buckle 
inwardly and then allowing the material to cool and 
harden under restraint. 

There are numerous potential applications for a 
material of the type described herein having a nega- 
tive Poisson's ratio. 

For example, since a material with a negative Pois- 
son's ratio expands laterally when stretched, a cylin- 
drical plug of foam material could be used as a 
fastener by press-fitting it into a cylindrical cavity. 
Attempts to remove the plug would result in its lateral 
expansion against the walls of the cylindrical cavity. 
This would have numerous fastening applications in 
the manufacture of products where it was either 
impossible or expedient not to use two-piece fasten- 
ers to join two components together. 

Conventional polymeric foam are also often used 
as a cushioning or shock absorbing material. The 
compliance of such a foam material is controlled by its 
density, and in conventional foam structures the mod- 
ulus of elasticity (the inverse of the compliance) is pro- 
portional to the square of the density. Therefore, low 
density is associated with a compliant foam, but low 
density foams are also weak and easily abraded. The 
transformed foam material of the invention is com- 
plaint but it is also relatively dense, and therefore 
would be more advantageous than conventional foam 
materials in applications where superior strength and 
abrasion resistance are desired along with a com- 
pliant foam. 

Polymeric foams are aiso cunently used in a widt 
variety of applications for air filters, shoe soles, 
sandwich panels, humidifier belts, sound absorbers, 



sponges, gaskets and in medical supplies. In any of 
these situations in which a combination of compliance 
and strength is required, the transformed foam having 
a negative Poisson's ratio would be far superior. 

5 Further examples in the medical field would be as a 
cushioning material for individuals who are immobi- 
lized for long periods of time. Such persons frequently 
develop pressure sores or "bed sores" due to the 
effects of prolonged pressure on the blood vessels of 

10 the skin and underlying tissues. The transformed 
foam material of the invention would be useful in pre- 
venting these pressure sores. 

A thin layer of transformed foam of the invention 
could be used as a replacement for the conventional 

15 ankle or elbow wrap since the foam would be less 
likely to become loose during physical activity 
because of the negative Poisson's ratio. 

In another medical application, artificial blood 
vessels are typically made of a Dacron* fabric which 

20 has a positive Poisson's ratio. The interstices in the 
fabric allow the body to generate a new lining for the 
vessel. A porous material having a negative Poisson's 
ratio would be advantageous in this application in that 
the stresses at the interface with the natural vessel 

25 may be reduced, thus improving the reliability of the 
graft. In addition, a superior match between resilience 
of the graft and that of the natural vessel may be 
achievable with material having a negative Poisson's 
ratio, resulting in a graft that would be likely to cause 

30 clotting of blood near the interface. 

In current applications where conventional foams 
are used as filters, the filters obviously can become 
clogged with filtrate, increasing the pressure in the 
system. When this occurs, the pressure difference 

35 across the filter can collapse the pores, further ham- 
pering and retarding flow through the filter. A filter 
made of material that has a negative Poisson's ratio 
would be advantageous since a bulging of the filter 
element would tend to open rather than close the 

40 pores. This would help to amintain flow in the system 
without affecting the ability of the material to perform 
its function of retaining the filtrate. 



45 Claims 

1 . The method of making a composition of matter 
having a negative Poisson's ratio comprising the 
steps of producing a starting material having an open- 
50 cell foam structure with each cell being defined by a 
plurality of ribs ; applying sufficient force to the start- 
ing material in each of three orthogonal directions 
simultaneously to compress the ribs of the cells 
inwardly ; raising the temperature of the material 
55 above the softening temperature of the material while 
maintaining the material in the compressed state ; 
cooling the material below the softening temperature 
while continuing to maintain the material in the com- 
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pressed state ; and releasing the applied force once 
the material has cooled below the softening tempera- 
ture. 

2. The method of Claim 1 in which the starting ma- 
terial is an open-cell foam structure which has a low 
density. 

3. The method of Claim 2 in which the starting ma- 
terial is an open-cell isotropic structure. 

4. A method of making an open-cell isotropic ma- 
terial having a negative Poisson's ratio comprising the 
steps of restraining the material inwardly from three 
orthogonal directions during the formation of the ma- 
terial and allowing the material to cool while maintain- 
ing the restraint. 

5. An isotropic open-cell material having a nega- 
tive Poisson's ratio, said material comprising a 
plurality of interconnected spaced-apart ribs defining 
a plurality of ceils, the ribs in the cells protruding 
inwardly. 



Anspruche 

1. Verfahren zum Herstellen einer Stoffzusam- 
mensetzung mit negativer Poisson-Zahl, mit folgen- 
den Schritten : es wird ein Ausgangsmaterial erzeugt, 
das eine offenzellige Schaumstruktur besitzt, in der 
jede Zelle von einer Mehrzahl von Rippen begrenzt 
ist ; auf das Ausgangsmaterial wird in drei zueinander 
rechtwinkligen Richtungen gleichzeitig eine so starke 
Kraft ausgeiibt, daft die Rippen der Zeilen einwarts 
zusammengedrucktwerden, wahrend das Material im 
zusammengedruckten Zustand gehalten wird ; das 
Material wird uber seine Erweichungstemperatur 
erwarmt und dabei in seinem zusammengedruckten 
Zustand gehalten ; das Material wird unter seine 
Erweichungstemperatur abgekiihlt und dabei weiter 
in seinem zusammengedruckten Zustand gehalten 
und nach dem Abkuhlen des Materials unter die 
Erweichungstemperatur wird die ausgeubte Kraft 
weggenommen. 

2. Verfahren nach Anspruch 1, dadurch gekenn- 
zeichnet, daft das Ausgangsmaterial ein offenzelliger 
Schaumstoff von geringer Dichte ist. 

3. Verfahren nach Anspruch 2, dadurch gekenn- 
zeichnet, daB das Ausgangsmaterial eine offenzellige 
isotrope Struktur hat. 

4. Verfahren zum Herstellen eines offenzelligen 
isotropen Materials mit negativer Poisson-Zahl, mit 
folgenden Schritten : das Material wird wahrend sei- 
ner Bildung einer einwartsgerichteten Rtickhaltewir- 
kung aus drei in drei zueinander rechtwinkligen 
Richtungen unterworfen, und das Material wird unter 
Aufrechterhattung der RGckhaltewirkung abkuhlen 
gelassen. 

5. Isotrope? offenzelliaes Material, das eine 
negative Poisson-Zahl hai unci das eine Mehrzahl von 
miteinander verbundenen und in Abstanden vonein- 



ander angeordneten Rippen besitzt, die eine Mehr- 
zahl von Zeilen begrenzen und in den Zeilen einwarts 
vorstehen. 

5 

Revendications 

1. Le precede de fabrication d'une composition 
de matiere ayant un rapport de Poisson negatif, 
10 comprenant les etapes consistant a produire une 
matiere premiere ayant une structure de mousse a 
cellules ouvertes, chaque cellule etant definie par une 
pluralite de nervures ; a appliquer une force suffisante 
a la matiere premiere dans chacune de trois direc- 
ts tions orthogonales simultaneities pour comprimer 
les nervures des cellules vers I'interieur ; a augmenter 
la temperature de la matiere au-dessus de la tempe- 
rature de ramollissement de cette matiere tout en 
maintenant la matiere a Tetat comprime ; a refroidir la 
20 matiere en dessous de la temperature de ramollisse- 
ment tout en continuant a maintenir la matiere dans 
I'etat comprime ; et a relacher la force exercee une 
fois que la matiere s'est refroidie en dessous de la 
temperature de ramollissement. 
25 2. Le precede selon la revendication 1, dans 
lequel la matiere premiere est une structure de 
mousse a cellules ouvertes qui a une faible densite. 

3. Le procede selon la revendication 2, dans 
lequel la matiere premiere est une structure Isotrope 

30 a cellules ouvertes. 

4. Le procede de fabrication d'une matiere iso- 
trope a cellules ouvertes ayant un rapport de Poisson 
negatif, comprerant les etapes consistant a contrain- 
dre la matiere vers I'interieur dans trois directions 

35 orthogonales pendant la formation de la matiere et 
laisser la matiere se refroidir tout en maintenant la 
contrainte. 

5. Une matiere isotrope a cellules ouvertes ayant 
un rapport de Poisson negatif, ladlte matiere compre- 

40 nant une pluralite de nervures espacees les uhes des 
autres, interconnectees et definissant une pluralite de 
cellules, les nervures dans les cellules faisant saillie 
vers I'interieur. 

45 
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